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Abstract
Hydrogenated silicenes possess peculiar properties owing to the strong H-Si bonds,
as revealed by an investigation using first principles calculations. The various charge
distributions, bond lengths, energy bands, and densities of states strongly depend
on different hydrogen configurations and concentrations. The competition of strong
H-Si bondings and weak sp3 hybridization dominate the electronic properties. Chair
configurations belong to semiconductors, while the top configurations show a nearly
dispersionless energy band at the Fermi level. Both two systems display H-related
partially flat bands at middle energy, and recovery of low-lying pi bands during the re-
duction of concentration. Their densities of states exhibit prominent peaks at middle
energy, and the top systems have a delta-funtion-like peak at E = 0. The intensity
of these peaks are gradually weakened as the concentration decreases, providing an
effective method to identify the H-concentration in scanning tunneling spectroscopy
experiments.
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1. Introduction
Two-dimensional materials composed by group IV elements have attracted consider-
able attention in the fields of chemistry, material science and physics,1−6 mainly owing to
their planar structure with sp2 or sp3 bondings formed by four valence electrons. This
has provided the motivation to conduct studies on their electronic,7−12 optical,13−16 and
transport17−20 properties. The gap opening in the electronic properties is an important
issue for its possible use in future nanoelectronic devices.21−24 Several experimental meth-
ods have been realized, one of which, the chemical functionalization,25−31 is particularly
promising. Recently, the successful hydrogenation of graphene has created a novel material
known as graphane with a large band gap,32−35 which has been verified by angle-resolved
photoemission spectroscopy (ARPES).33−35 During the synthesis process, its band struc-
ture can be significantly altered and controlled through reversible hydrogenation,32 while
the concentration is very difficult to estimate. However, graphene faces many challenges
in applications, such as toxicity, difficulty in processing, issues to integrate it with current
silicon-based electronic technology, and the availability of large-area sheets. This work in-
vestigates in detail how the unique H-Si bonds with special charge distributions induce the
feature-rich geometric and electronic properties in hydrogenated silicene.
As the counterpart of graphene, 2D hexagonal lattices of Si, namely silicene, and Si
nanoribbons have been fabricated by the chemical vapor deposition process on a silver
substrate3,36−38 and Iridium substrate.39 Other chemical exfoliation methods have suc-
ceeded in creating suspended silicon monolayer sheets doped with magnesium and covered
with organic groups.40−42 These experimental realizations of providing suitable environ-
ments for single-sided and double-sided chemical functionalizations further tune the elec-
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tronic properties of silicene drastically. Quite different from graphene or other carbon-based
nanostructures, silicene with its diverse electronic properties could enable the electronic in-
dustry to produce fast nanoscale electronics without the need to retool.
Unlike graphene, silicene is not stable as a perfectly planar sheet. Because the sp3 hy-
bridization is more stable in silicene than the sp2 hybridization, it is energetically favorable
as a low buckled structure, which has been confirmed by DFT studies and phonon disper-
sion calculations.43 Recently, the electronic structure of silicene has been revealed to be
that of a zero-gap semiconductor by ARPES and scanning tunneling spectroscopy (STS)
measurements.3,5,44 Other theoretical works exploring silicene sheets passivated with hydro-
gen show the emergence of an indirect middle band gap.45,46 These results suggest that the
electronic properties of hydrogenated silicene can be altered by a competition between sp3
hybridization and hydrogenation. However, since silicene sheets have only been recently
realized, the effects of various hydrogen concentrations with different configurations on this
new material have yet to be thoroughly explored.
In this paper, how to create the diversified electronic properties via competition between
the H-Si bonds and the Si-Si σ and pi bonds is investigated by first principle calculations.
The double-sided (chair configuration in Fig. 1(a)) and the single-sided hydrogenations
(top configuration in Fig. 1(b)) are taken into consideration to reveal that there are two
basic types of electronic structures, which could be further modulated by various hydrogen
concentrations. This work shows many kinds of energy dispersions, including the presence
or the absence of a Dirac cone, the H-Si-bond-induced partially flat bands, and the nearly
dispersionless band at the Fermi level induced by broken mirror symmetry. All the pre-
dicted band structures are further reflected in various feature-rich densities of states (DOS),
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such as strong H-concentration-related peaks. The effect of hydrogenation on band struc-
tures and DOS could be understood by a thorough analysis of the charge distribution of pi
and σ bondings. The predictions of the band gaps and dispersions, and critical character-
istics in DOS could be further identified by ARPES and STS,3,5,47,48 respectively, with the
latter being very useful in determining the hydrogen concentration due to its relation with
the peak intensities. Hopefully, these rich fundamental features in hydrogenated silicenes
structures can promote potential applications in energy materials or electronic devices.
2. Methods
Our first-principle calculations are based on the density functional theory (DFT) imple-
mented by the Vienna ab initio simulation package (VASP).50 The local density approxima-
tion (LDA) is chosen for the DFT calculations, and the projector augmented wave (PAW)
is utilized to describe the electron-ion interactions. A vacuum space of 10 angstroms is
inserted between periodic images to avoid interactions, and the cutoff energies of the wave
function expanded by plane waves were chosen to be 500 eV. For calculations of the elec-
tronic properties and the optimal geometric structures, the first Brillouin zones are sampled
by 100×100×1 and 12×12×1 k -points via the Monkhorst-Pack scheme. The convergence
of the Helmann-Feymann force is set to 0.01 eV A˚
−1
.
3. Results and Discussion
There exist specific relationships between the optimal geometric structures of hydro-
genated silicene and various hydrogen configurations. Two different atomic configurations
of fully hydrogenated silicene are taken into account. The chair-like configuration, where
H atoms alternatively appear on both sides of silicene plane is shown in Fig. 1(a). The H
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atoms are set to be in a uniform distribution with each H atom being separated from its
six nearest H atoms by the same distance (Fig. 1(c)), and the back-site H atoms (green
circles) are located at the middle of three front-site H atoms (red circles). The hydrogen
concentration is reduced from 100 % to 25 %, and then 6.3 %, in which the hydrogen-
silicon ratios correspond to 2 : 2, 2 : 8, and 2 : 32, respectively (Fig. 1(c)). For the top
configuration, hydrogen atoms only appear on a single side of the plane (Fig. 1(b)), i.e.,
all the back-site H atoms are removed, so the H-concentration is half of the chair-like one.
These two types are revealed to have similar geometric deformations; however, they may
lead to diverse electronic properties, mainly owing to the breaking of the mirror symmetry.
The main characteristics of geometric structures, including the H-Si-Si angles, Si-Si
bond lengths, and H-Si bond lengths, are dominated by the H-concentration, as shown
in Table 1. The H-Si-Si angles present a significant change from 107.0◦ to 111.7◦, as the
H-concentration is reduces from 100 % to 3.1 %. The Si-Si bond lengths are non-uniform
in hydrogenated silicene, while they are at the same value of 2.25 A˚ in pristine silicene.
The strong H-Si covalent bonds are formed by the obvious attraction of electrons from Si
atoms to H (discussed later). Such charge transfer makes the nearest Si-Si bond weaker
but the second-nearest Si-Si bond stronger, as view from the H atom. As a result, the bond
lengths get longer and shorter, respectively, in the range of 2.31 ∼ 2.33 A˚ and 2.23 ∼ 2.24
A˚. It should be noted that the planar Si-Si bond lengths are mainly determined by the σ
bondings due to the (3s, 3px, 3py) orbitals. However, the H-Si bond lengths are almost
insensitive to the change in H-concentration, in which they are kept at 1.50 A˚ because of
the strong and stable covalent σ bondings. The above-mentioned bonding configurations
are closely related to the strong covalent bonds between 3pz and 1s orbitals, and the weak
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sp3 hybridization of four orbitals (3s, 3px, 3py, 3pz) with 3pz orbitals perpendicular to the
plane (discussed later in Fig. 4(a)). These rich geometric configurations lead to the diverse
electronic properties.
Hydrogenated silicene exhibits very special energy bands, being enriched by the com-
petition of strong H-Si bondings and weak sp3 hybridization. Pristine silicene, as shown in
Fig. 2(a), has an almost vanished gap of ∼ 1 meV at the K point, and its low-lying linear
dispersions become parabolic bands with a saddle point at the M point. Such bands can
be regarded as pi bands, mainly coming from the bonding of 3pz orbitals of two nearest Si
atoms. The weak sp3 hybridization indicates a clear separation of the pi bands and σ bands
within ±2 eV. The occupied and unoccupied σ bands, with parabolic energy dispersions,
are initiated at about −1.2 eV and 1 eV, respectively. The highest occupied states (HOS)
are doubly degenerate at the Γ point, while the lowest unoccupied states (LUS) are non-
degenerate at the M point. The former energy bands are closely related to the (3px, 3py)
orbitals with their orbital hybridization with 3pz orbitals at lower energy (∼ −2.5 eV). The
third σ band with an initial energy at −11.2 eV, dominated by the 3s orbitals (not shown),
gradually increases with a parabolic behavior. However, it becomes partially flat at −3.2
eV near the Γ point, where the 3s orbitals hybridize with the 3pz orbitals (discussed later).
The main features of silicene are dramatically changed after hydrogenation.
The chair-like systems exhibit semiconducting behavior with an H-concentration-dependent
energy gap. Fully hydrogenated silicene does not exhibit a linear Dirac cone as a result of
the strong H-Si bonding, as illustrated in Fig. 2(b). It has a large indirect band gap of
Eg = 2.1 eV, which is determined by the HOS and the LUS at the Γ and the M points,
respectively. All 3pz orbitals are saturated by 1s orbitals so that the low-lying pi bands
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are replaced by the σ bands corresponding to Si atoms, with the amount of contribution
indicated by the radius of red circles in Fig. 2(b). Compared to Fig. 2(a), a clear revelation
is that the valence σ bands are formed by the (3px, 3py) orbitals. On the other hand, a
weakly dispersed band at about -3.5 eV mainly originates from one of the particular 1s
orbital of two H atoms (blue circles), and the other 1s orbitals contributes equally to two
partially flat bands. The former characteristic is very useful in gauging the H-concentraion.
Such electronic states could be roughly regarded as localized states. The H-dependent lo-
calization behavior reflects the fact that the 1s orbital has much lower bound state energy
than the other orbitals. Moreover, the hybridization of 1s and 3pz orbitals puts the pi bands
far away from EF = 0, and thus the energy gap is determined by the σ bands.
As the concentration decreases, the H-Si bonds no longer dominate, but compete with
the effect of weak sp3 hybridization to determine the band structures. The 25 % and 6.3 %
systems, namely the intermediate states between fully hydrogenated and pristine silicene,
respectively, possess 1.3 and 0.2 eV direct band gaps at the Γ point, as shown in Fig. 2(c)
and 2(d). Their two pairs of energy bands nearest to EF = 0 exhibit weak dispersions with
narrow band widths, in which they originate from the 3pz orbitals of non-passivated silicon
atoms. This indicates that the low-lying bands are gradually changed from σ bands to pi
bands. For the middle-energy states (-1 eV − -3.5 eV), the σ bands mainly come from
both the passivated (red circles in Fig. 2(c)) and non-passivated silicon atoms. The latter
contribute much to such bands in the 6.3 % systems as a result of the higher percentage.
The weakly dispersed band mainly contributed by hydrogen atoms (blue circles) moves to
-4.0 and -4.2 eV for 25 % and 6.3 % systems, respectively. For other low concentrations, the
H-dependent energy gaps, as shown in Fig. 2(e), start to fluctuat and gradually decline.
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As expected, the tunable direct band gap in hydrogenated silicene can be used to provide
potential applications in nanoelectronic and nanophotonic devices.
In the top configuration, the destruction of the mirror symmetry induces strong localized
states at the Fermi level. The 50 % system has a nearly dispersionless energy band at EF =
0 along different directions in Fig. 3(a), which is only associated with three non-passivated
silicon B atoms (green circles) nearest to the passivated silicon A atom. Such quasi-zero-
dimensional electronic states are hardly affected by the H-concentration, as indicated by
the 12.5 % and 3.1 % systems in Figs. 3(b) and 3(c), respectively. The pi bondings between
B atoms and the A atoms are severely suppressed by the large charge transfer between
the latter and the H atoms. As a result, B atoms cannot form the extended pi-electronic
states through interactions with A atoms. It should be noted that these systems are
gapless, while the conducting behavior is expected to be forbidden by the almost vanishing
group velocities. The critical difference between the top and the chair configurations is
the intriguing localized states. In addition, the reduction of one effective 1s orbital in top
systems denies the presence of the weakly dispersed band of the chair configurations.
There exist certain similarities between the top and chair configurations, including the
nucleation of pi bands at low H-concentration, the Si-Si bond-related σ bands, and the H-Si
bond-induced localized states. As the H-concentration decreases, both systems exhibit the
Si-atom-contributed low-lying bands with stronger dispersions and larger energy widths,
as shown by the 6.3 % (chair) and 3.1 % (top) systems in Figs. 2(d) and 3(c), respectively.
Such bands mainly result from 3pz orbitals, meaning that the pi bondings are reformed
among many of the non-passivated Si atoms. For the σ bands within -1 − -3.5 eV (Figs.
2(a)-2(c) and 3(a)-3(c)), the initial energy, band width, and state degeneracy are much alike
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between two configurations, owing to the barely influenced planar σ bonds. Moreover, the
partially flat bands related to H-Si bonds (blue and red circles) are confined in a similar
energy range compared to their counterparts in the chair configuration, reflecting the low
bound state energy of the H atoms. The above-mentioned similarities are hardly affected
by the breaking of the mirror symmetry.
The main characteristics of the energy bands can be verified by ARPES measurements,
as done for silicenes and few-layer graphenes.3,47,48 Such experiments have been utilized to
confirm the graphene-like linear energy dispersions for a silicene layer on Ag(111),3 and
also to observe the opening of a substantial energy gap in hydrogenated graphene.34,35
As expected, in the verification of hydrogenated silicene, ARPES can directly detect the
gradually recovered pi bands, H-related partially flat bands, and nearly dispersionless bands
at EF = 0, which are, respectively, induced by the strengthened pi bonding between 3pz
orbitals, the strong H-Si bonds, and the broken mirror symmetry. It is deduced that
the comparison between theoretical and experimental results of band gaps and energy
dispersions can provide valuable information in determining the H-concentrations.
The carrier density (ρ) and the variation of carrier density (∆ρ) can provide very useful
information in the charge distribution in bondings of all orbitals and thus explain the
dramatic change of low-lying energy bands. The former directly reveals the bond strength
of Si-Si and H-Si bonds, as illustrated in Figs. 4(a)-4(d). Between two Si atoms of pristine
silicene or two non-passivated Si atoms of hydrogenated silicene, ρ shows a strong covalent
σ bond, as indicated by an enclosed black rectangle region in Figs. 4(a), 4(c), and 4(d).
Such bonds become a bit weaker when the Si atom bonds with an H atom (gray rectangle
in Figs. 4(b)-4(d)). The little change is responsible for the similarities of σ bands between
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the two configurations under various H-concentrations. Away from the central line between
two Si atoms, carrier density is lower, but its distribution is extended between them (purple
rectangle). This is evidence for the pi-electronic states, revealing the gradual recovery of
pi bands at a low H-concentration. However, barely extended states, corresponding to the
pi-electron-depleted region, are observed between the passivated and non-passivated atoms
(red rectangle in Fig. 4(d)). Such charge distribution is similar to that of isolated Si
atoms and demonstrates the disappearance of pi bonding. This also induces the nearly
dispersionless band in all top configurations. On the other hand, the charge density of
H-Si bonds (dashed rectangle) is much stronger than those of all Si-Si bonds. The very
strong bond strengths are insensitive to H-concentration in both two systems, so that the
H-related energy bands are confined at about -3.5 eV − -5.5 eV. It is also noted that the
charge distributions can explain why only the nearest Si-Si bond lengths are changed, as
discussed earlier in Table I.
In order to comprehend the charge transfers among all orbitals, the detailed variation
of carrier density is clearly illustrated in Figs. 4(e)-4(h). ∆ρ is created by subtracting the
carrier density of isolated silicon atoms (isolated silicon and hydrogen atoms) from that of
a silicene (hydrogenated silicene). For pristine silicene, as indicated in Fig. 4(e), electrons
are transferred from the blue region near Si atoms to the location at the middle of two
Si atoms (yellow region within a black rectangle), forming covalent σ bonds. Distantly
away from the middle region between two Si atoms, ρ also increases in the green region
(purple rectangle), which verifies the creation of pi bondings. On the other hand, all the
hydrogenated cases display high charge transfer from Si atoms to H atoms (∼ 0.9 e by using
Badar charge analysis), forming strong H-Si bonds (dashed rectangle Figs. 4(f)-4(h)). This
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also accounts for a rather weak bonding strength of the nearest Si-Si bond around the H
atom.
The density of states (DOS) directly reflects the primary characteristics of the band
structures, in which the partial DOS (PDOS) can be used to fully understand the orbital-
decomposed contributions. For pristine silicene, DOS is zero at EF = 0; it possesses a
linear E-dependence at low energy, and then a symmetric logarithmic divergent peak at
E ∼ ±1 eV (black curve in Fig. 5(a)). Such features, respectively originating from the
almost vanished energy gaps, isotropic linear bands, and the saddle points of pi bands, are
dominated by the 3pz orbitals (purple curve). The middle-energy DOS (-1 eV − -3 eV)
reveals a shoulder (-1.2 eV) structure and a prominent peak (-2.7 eV), corresponding to
the maximum point and the saddle M point of the σ bands, respectively. They are mainly
contributed by the 3px and 3py orbitals (green and blue curves). Also, the hybridization
between 3pz and 3s orbitals induces an extra strong peak at -3.2 eV. These characteristics
further illustrate that pi and σ bands have the weak interactions at low energy.
The low energy DOS is drastically changed after hydrogenation. For the fully hydro-
genated silicene in the chair configuration, DOS displays a vacant region within E ∼ ±1
eV, and an extra strong peak at about -3.5 eV and -4.5 eV, that comes from the H-related
weakly dispersed band and the partially flat band, respectively, as shown in Fig. 5(b).
These features are mainly owed to the strong bonding of 3pz and 1s orbitals (purple and
red curves). However, the shoulder structure at −1.0 eV and the prominent peak at −2.5
eV, constituted by the 3px and 3py orbitals, are very similar to that of pristine silicene as a
result of the small change in the σ band. As the H-concentration decreases, two prominent
peaks are revealed at ±0.6 eV in the 25 % system, as shown in Fig. 5(c). These peaks
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have widths of about 0.5 eV, and their states are associated with pi bands that are related
to 3pz orbitals. The middle energy states are also dominated by the 3px and 3py orbitals;
however, the single peak structure in the 100 % system changes into several subpeaks due
to an increase of the number of subbands. In the 6.3 % system, 3pz orbitals contribute most
of the electronic states within ±1 eV, indicating a similar pi band width to pristine silicene.
The two lower concentrations show two strong peaks between -4.0 − -4.5 eV, originating
mainly from the 1s orbital of the H atoms (red curve) and the 3pz orbitals of Si atoms
(purple curve). Nevertheless, the intensities of these two peaks are roughly proportional to
the H-concentration, especially for the peak closer to the Fermi level.
Common features in DOS between the top and chair systems are the strong peaks
associated with the planar covalent σ bonds and the H-related bonds. Analogies are
found between a top case and its corresponding chair configuration (with double the H-
concentration), including the widened low-energy pi band width (Figs. 5(d) and 5(g)),
the two 3pz-orbital-induced prominent peaks at ±0.6 eV (Figs. 5(c) and 5(f)), the 3px
and 3py orbitals dominating middle-energy peaks (Figs. 5(b)-5(g)), and the strong peaks
contributed by the H-Si bonds. Such special peaks are located in almost the same energy
range, while their intensities are gradually decreased with diminishing H-concentration.
On the other hand, the destruction of the mirror symmetry leads to a critical difference,
namely a delta-funtion-like peak at EF (Figs. 5(e)-(g)). Its intensity gradually decreases,
directly reflecting the percentage of the nearest non-passivated Si atoms. Both 3pz and
3s orbitals contribute to these peaks, as shown by the purple and red curves, respectively.
This directly illustrates that the non-extended pi-electrons of 3pz orbitals are hybridized
with 3s orbitals.
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The STS measurements, in which the tunneling differential conductance map of the
dI/dV-V curve is proportional to DOS, can provide an accurate and efficient way to examine
the H-concentration. It has been adopted to identify the Dirac point of pristine silicene.5
Hydrogenated graphene that possesses a gap larger than 2 eV has also been measured with
this method.49 The STS measurements could be used to determine the energy gaps and the
specific DOS peaks of hydrogenated silicene, especially the strong H-bond-related peaks
(red triangles in Figs. 5(b)-5(d)), and the delta-funtion-like peak at EF (Figs. 5(e)-5(g)).
These intensity of these peaks is predicted to be strongly associated with the percentage
of H atoms. The intensity of the H-related peaks can be well fit by a linear relationship
I = 1.6I0(N/N0), where I is the peak intensity and N is the H-concentration, with I0 and
N0 being the value for the highest concentration. For the delta-funtion-like peak at EF
this relation changes into I = 1.3I0(N/N0). Given the linear dependency of DOS peaks
associated with the contributions from H atoms and the nearest non-passivated atoms, we
have a feasible way to identify the hydrogen concentration.
4. Conclusion
The geometric and electronic properties of hydrogenated silicene are investigated by
DFT calculations. Chemical and physical properties are enriched by different hydrogen
configurations and concentrations, in which the special H-Si bonds are the critical factor
affecting the optimized geometric structures, charge distributions, energy bands, and DOS.
The high charge transfer between 3pz and 1s orbitals, directly or indirectly leading to
variations in the bond lengths and carrier densities, is responsible for the observed dramatic
change in the electronic properties. The three major revelations of the band structures are
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highlighted by the absence or recovery of low-lying pi bands, the H-related partially flat
bands, and the nearly dispersionless band at EF = 0. The first one is determined by the
competition of strong H-Si bondings and weak sp3 hybridization. The band gap mainly
determined by the σ bands is largest for the 100 % H-concentration. As the concentration
drops, the influence of the pi bands gradually rises, causing the gap size to shrink. The
second one, purely originating from the strong charge bondings between H and Si atoms,
is a common characteristic for both top and chair systems under various H-concentrations,
while the last one, being ascribed to the destruction of mirror symmetry, is a distinguished
characteristic for top configurations. As for DOS, the recovery of pi-bands-induced low-
lying peaks, the diminishing of H-related strong peaks, and the weakened delta-funtion-
like peak at EF directly reflect the reduced H-concentration. The feature-rich band gaps
and energy dispersions, and the strong DOS peaks, respectively, could be measured by
ARPES and STS experiments, giving useful information about the hydrogen distribution
and concentration. Especially, the linear dependence of the special DOS peaks provides
an effective path to accurately detect the H-concentration. Hydrogenated silicene is very
suitable for the application of hydrogen storage, and the tunable electronic properties might
be potentially important for applications in nanoelectronic and nanophotonic devices.
Acknowledgments
This work is supported by the NSC and NCTS (South) of Taiwan, under the grant
No. NSC-102-2112-M-006-007-MY3. We are grateful to the National Center for High-
performance Computing (NCHC) for computer time and facilities.
14
References
1. Novoselov, K. et al. Two-dimensional gas of massless Dirac fermions in graphene.
Nature 438, 197-200 (2005).
2. Geim A. K. Graphene: status and prospects. Science 324, 1530-1534 (2009).
3. Vogt. P. et al. Silicene: compelling experimental evidence for graphenelike two-
dimensional silicon. Phys. Rev. Lett 108, 155501 (2012).
4. Gao, J., Zhao, J. Initial geometries, interaction mechanism and high stability of silicene
on Ag (111) surface. Sci. Rep. 2, 861 (2012).
5. Chen, L. et al. Evidence for Dirac fermions in a honeycomb lattice based on silicon.
Phys. Rev. Lett 109, 056804 (2012).
6. Ohare, A., Kusmartsev, F., Kugel, K. A Stable Flat Form of Two-Dimensional Crys-
tals: Could Graphene, Silicene, Germanene Be Minigap Semiconductors. Nano Lett.
12, 1045-1052 (2012).
7. Lebegue, S., Eriksson, O. Electronic structure of two-dimensional crystals from ab
initio theory. Phys. Rev. B 79, 115409 (2009).
8. Feng, B. et al. Observation of Dirac cone warping and chirality effects in silicene. ACS
Nano 7, 9049-9054 (2013).
9. Sprinkle, M. et al. First direct observation of a nearly ideal graphene band structure.
Phys. Rev. Lett 103, 226803 (2009).
15
10. Lu, C., Chang, C. P., Huang, Y. C., Chen, R. B., Lin, M. F. Influence of an electric
field on the optical properties of few-layer graphene with AB stacking. Phys. Rev. B
73, 144427 (2006).
11. Lin, S. Y., Chang, S. L., Shyu, F. L., Lu, J. M., Lin, M. F. Feature-Rich Electronic
Properties in Graphene Ripples. Carbon 86, 207-216 (2015).
12. Huang, Y. K., Chen, S. C., Ho, Y. H., Lin, C. Y., Lin, M. F. Feature-Rich Magnetic
Quantization in Sliding Bilayer Graphenes. Sci. Rep. 4, 7509 (2014).
13. Tabert, C. J., Nicol, E. J. Valley-spin polarization in the magneto-optical response of
silicene and other similar 2D crystals. Phys. Rev. Lett. 110, 197402 (2013).
14. Stille, L., Tabert, C. J., Nicol, E. J. Optical signatures of the tunable band gap and
valley-spin coupling in silicene. Phys. Rev. B 86, 195405 (2012).
15. Ezawa, M. Spin-valley optical selection rule and strong circular dichroism in silicene.
Phys. Rev. B 86, 161407 (2012).
16. Bechstedt, F., Matthes, L., Gori, P., Pulci, O. Infrared absorbance of silicene and
germanene. Appl. Phys. Lett. 100, 261906 (2012).
17. Hwang, E., Adam, S., Sarma, S. D. Carrier transport in two-dimensional graphene
layers. Phys. Rev. Lett. 98, 186806 (2007).
18. Sarma, S. D.; Adam, S.; Hwang, E.; Rossi, E. Electronic transport in two-dimensional
graphene. Rev. Mod. Phys. 83, 407 (2011).
19. Kang, J., Wu, F., Li, J. Symmetry-dependent transport properties and magnetoresis-
tance in zigzag silicene nanoribbons. Appl. Phys. Lett. 100, 233122 (2012).
16
20. Li, X. et al. Intrinsic electrical transport properties of monolayer silicene and MoS2
from first principles. Phys. Rev. B 87, 115418 (2013).
21. Ni, Z. H. et al. Uniaxial strain on graphene: Raman spectroscopy study and band-gap
opening. ACS Nano 2, 2301-2305 (2008).
22. Xia, F., Farmer, D. B., Lin, Y.-m., Avouris, P. Graphene field-effect transistors with
high on/off current ratio and large transport band gap at room temperature. Nano
Lett. 10, 715-718 (2010).
23. Drummond, N., Zolyomi, V., FalKo, V. Electrically tunable band gap in silicene. Phys.
Rev. B 85, 075423 (2012).
24. Houssa, M. et al. An electric field tunable energy band gap at silicene/(0001) ZnS
interfaces Phys. Chem. Chem. Phys. 15, 3702-3705 (2013).
25. Du, Y. et al. Tuning the band gap in silicene by oxidation. ACS Nano 8, 10019-10025
(2014).
26. Georgakilas, V. et al. Functionalization of graphene: covalent and non-covalent ap-
proaches, derivatives and applications. Chem. Rev. 112, 6156-6214 (2012).
27. Quhe, R. et al. Tunable and sizable band gap in silicene by surface adsorption. Sci.
Rep. 2, 853 (2012).
28. Wang, R. et al. Silicene oxides: formation, structures and electronic properties. Sci.
Rep. 3, 3507 (2013).
29. Zhang, H. et al. Aryl functionalization as a route to band gap engineering in single
layer graphene devices. Nano Lett. 11, 4047-4051 (2011).
17
30. Varykhalov, A., Scholz, M., Kim, T. K., Rader, O. Effect of noble-metal contacts on
doping and band gap of graphene. Phys. Rev. B 822, 121101 (2010).
31. Ni, Z. et al. Tunable band gap and doping type in silicene by surface adsorption:
towards tunneling transistors. Nanoscale 6, 7609-7618 (2014).
32. Elias, D. et al. Control of graphene’s properties by reversible hydrogenation: evidence
for graphane. Science 323, 610-613 (2009).
33. Haberer, D. et al. Tunable band gap in hydrogenated quasi-free-standing graphene.
Nano Lett. 10, 3360-3366 (2010).
34. Balog, R. et al. Bandgap opening in graphene induced by patterned hydrogen adsorp-
tion. Nat. Mater. 9, 315-319 (2010).
35. Grassi, R., Low, T., Lundstrom, M. Scaling of the energy gap in pattern-hydrogenated
graphene. Nano Lett. 11, 4574V4578 (2011).
36. Lalmi, B. et al. Epitaxial growth of a silicene sheet. Appl. Phys. Lett. 97, 223109
(2010).
37. Aufray, B. et al. Graphene-like silicon nanoribbons on Ag (110): A possible formation
of silicene Appl. Phys. Lett., 96, 183102 (2010).
38. Resta, A. et al. Atomic Structures of Silicene Layers Grown on Ag (111): Scanning
Tunneling Microscopy and Noncontact Atomic Force Microscopy Observations. Sci.
Rep., 3, 2399 (2013).
39. Meng, L. et al. Buckled silicene formation on Ir (111). Nano Lett., 13, 685-690 (2013).
18
40. Nakano, H. et al. Soft synthesis of single-crystal silicon monolayer sheets. Angew.
Chem. Int. Ed. 45, 6303-6306 (2006).
41. Okamoto, H. et al. Silicon nanosheets and their self-assembled regular stacking struc-
ture. J. Am. Chem. Soc. 132, 2710-2718 (2010).
42. Sugiyama, Y. et al. Synthesis and optical properties of monolayer organosilicon
nanosheets. J. Am. Chem. Soc. 132, 5946-5947 (2010).
43. Cahangirov, S. et al. Two-and one-dimensional honeycomb structures of silicon and
germanium. Phys. Rev. Lett. 102, 236804 (2009).
44. Xu, X. et al. Effects of Oxygen Adsorption on the Surface State of Epitaxial Silicene
on Ag (111). Sci. Rep. 4, 7543 (2014).
45. Houssa, M. et al. Electronic properties of hydrogenated silicene and germanene. Appl.
Phys. Lett. 98, 223107 (2011).
46. Wei, W., Dai, Y., Huang, B., Jacob, T. Many-body effects in silicene, silicane, ger-
manene and germanane. Phys. Chem. Chem. Phys. 15, 8789-8794 (2013).
47. Ohta, T. et al. Interlayer interaction and electronic screening in multilayer graphene in-
vestigated with angle-resolved photoemission spectroscopy. Phys. Rev. Lett. 98, 206802
(2007).
48. Ohta, T., Bostwick, A., Seyller, T., Horn, K., Rotenberg, E. Controlling the electronic
structure of bilayer graphene. Science 313, 954 (2006).
49. Lin, C. et al. Direct observation of ordered configurations of hydrogen adatoms on
graphene. arXiv preprint arXiv:1409.1647 (2014).
19
50. Kresse, G., Furthmu¨ller, J. Efficient iterative schemes for ab initio total-energy calcu-
lations using a plane-wave basis set. Phys. Rev. B 54, 11169 (1996).
20
Figure 1: Side view atomic configurations of hydrogenated silicenes: (a) chair configuration,
where the H atoms appear on both sides of silicene plane, and (b) top configuration,
where all H atoms are located on the same side of the plane. (c) top view for various
concentrations, namely 2:2, 2:8, and 2:32. 21
Figure 2: Energy bands of (a) pristine silicence, and hydrogenated silicenes with chair
configuration for (b) 2:2, (c) 2:8, and (d) 2:32 hydrogen coverages. The inset of (a) shows
the low-lying energy bands, and (b) the band gaps of various concentrations.
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Figure 3: Energy bands of top configurations for (a) 1:2, (b) 1:8, and (c) 1:32 concentrations.
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Figure 4: The carrier density ρ of (a) pristine silicene, and hydrogenated silicenes with (b)
2:2, (c) 1:2, and (d) 1:8 concentrations. The variation of carrier density ∆ρ of (e) pristine
silicene, and hydrogenated silicenes with (f) 2:2, (g) 1:2, and (h) 1:8 concentrations.
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Figure 5: Densities of states of (a) pristine silicenes, chair configurations with (b) 2:2, (c)
2:8, and (d) 2:32 hydrogen coverage, and top configurations with (e) 1:2, (f) 1:8, and (g)
1:32 hydrogen coverage.
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